We consider the effective Hamiltonian of four quark operators in quasi-inclusive and exclusive decays of the type B → K ( * ) η ′ , B → η ′ X s , where X s contains a single Kaon. Working in the factorization assumption we find that the four quark operators can account for the exclusive decay B − → η ′ K − but cannot explain the large quasiinclusive rate. We add the effect of the anomalous η ′ gg coupling to the quasi-inclusive rate and fix the η ′ gluon-gluon coupling from the observed quasi-inclusive rate. We find that both the four quark operators and the gluon anomaly are required to account for the observed signals.
Introduction
Recently CLEO has reported a large rate for the quasi-inclusive process B → η ′ X s for high momentum η ′ . The experimental number is [1] B → η ′ X s = (0.75 ± 0.15 ± 0.11) × 10 −3 (p η ′ > 2.0GeV )
where X s stands for one Kaon and up to 4 pions with at most one π 0 .
An exclusive rate for the process B − → η ′ K − has also been measured at (7.8 +2.7 −2.2 ± 1.0) × 10 −5 [1] . Upper limits on related exclusive decay modes with η and η ′ mesons were also obtained. Several explanations for the large quasi-inclusive decay have been proposed both within the Standard Model and beyond [2, 3, 4, 5] . However, some of these analyses have underestimated the effect of the effective four quark operators to this process. For example, it has been assumed that this contribution is small based on the smallness of V ub [3] . However, the penguin contribution to this process cannot be neglected. A simple estimate based on the magnitudes of the CKM elements associated with the tree and the penguin diagrams clearly suggest that this process is dominated by penguin contributions if one considers only the four quark effective Hamiltonian. In this paper we calculate the contribution of the effective Hamiltonian of the four quark operators to the exclusive and the quasi-inclusive decay of the B → η ′ X s .
In the sections which follow, we describe the effective Hamiltonian of four quark operators, our calculation of the the exclusive and quasi-inclusive rates.
Effective Hamiltonian
In the Standard Model (SM) the amplitudes for hadronic B decays of the type b → qff are generated by the following effective Hamiltonian [6] :
where the superscript u, c, t indicates the internal quark, f can be u or c quark. q can be either a d or a s quark depending on whether the decay is a ∆S = 0 or ∆S = −1 process.
where R(L) = 1 ± γ 5 , and q ′ is summed over u, d, and s. are the regularization scheme independent values obtained in Ref. [7] . We give the non-zero c 
where N c is the number of color. The leading contributions to P )(N c c 1 +c 2 )(
is given by
All the above coefficients are obtained up to one loop order in electroweak interactions. The momentum q is the momentum carried by the virtual gluon in the penguin diagram. When The basis for this approximation is that, if the quark pair created by one of the currents carries large energy then it will not have significant QCD interactions. Factorization appears to describe nonleptonic B decays rather well [10] . To accommodate some deviation from this approximation one can treat N c , the number of colors that enter in the calculation of the matrix elements, as a free parameter though the value of N c ∼ 2 is suggested by experimental data on low multiplicity hadronic B decays. In this section we describe the calculation of matrix elements for the exclusive decays B → η ′ K ( * ) and the quasiinclusive decay
The η and η ′ mesons are mixtures of singlet and octet states η 1 and η 8 of SU(3).
where the mixing angle θ lies between −10 0 and −20 0 [9] .
In the calculation of the exclusive modes we define
where p µ is the η ′ momentum and f K ∼ 160 GeV is the kaon decay constant. We can define similar decay constants for the η.
Defining the decay constants f 8 , f 1 as
In the SU(3) and Nonet symmetry limit, the relations f 8 = f π = 130 MeV and
We can express f
and similarly one has
Exclusive Decay
To evaluate the rates for the exclusive decays we have to calculate matrix element of the type < η ′ K|H ef f |B > where H ef f , as already described in the previous section, has the form
with
As an input to our calculation we need the form factors defined through
The matrix element < η ′ |ūγ µ (1 − γ 5 )b|B > is similarly described in terms of form factors
The contribution of the various operators to the amplitude can be written as
where
V i = V u , V c , V t and N c is effective number of colors.
In the above equations we have used the equation of motion to simplify certain matrix elements. The expression for the amplitude can also be used for B → ηK by making the necessary changes. It is also straight forward to write down the amplitudes for B → K * η ′ and B → K * η decays.
For the K * modes we define
The form factors in this case are defined as
where k = p B − p K * . The contribution of the various operators can be written as
we will use g * K = 221 MeV. A similar expression for B → ηK * can also be obtained.
Quasi-inclusive Decay
The technique to handle quasi-inclusive decays have been described in detail in Ref. [11] . We represent the total amplitude as the sum of a "two body" and a "three body" piece. The "two body" amplitude is given by
The "three body" piece has the form
Details of the calculations of the branching fraction and decay distributions are given in Ref [11] .
The η ′ gg vertex
Our analysis indicate that the quasi-inclusive rate calculated on the basis of H ef f is insufficient to explain the inclusive data. As suggested in [2] and [4] we include the η ′ gg vertex in the calculation of the quasi-inclusive rate.
The dominant contribution to B → η ′ X s then comes at the quark level, from b → sg * (Penguin process) followed by g * → gη ′ . Following [2] we write the η ′ gg coupling as
We will ignore the momentum dependence of H and replace
and then fix H av by fitting to the experimental branching ratio for B → η ′ X s . We will add to the above process also the contribution from H ef f . We will follow the formalism and numbers for the chromoelectric and chromomagnetic factors of [4] to calculate the contribution of the η ′ production via the gluon anomaly.
In our calculation we will compare results using the form factors of Ref [12] and the BSW model [13] . We will take N c = 2, 3, ∞ though we will prefer the value N c = 2. We find that there are several solutions corresponding to different values for the set of parameters f 1 , f 8 , θ that can reproduce the experimental data on B → Kη ′ and the upper limit of B → Kη if we use the form factors in Ref [12] 1 . For the CKM parameters we choose ρ = −0.15 and η = 0.33 [14] .
Results and Discussion
Generally we find that it is difficult to accommodate the data with the BSW form factors with our assumption f 1 ∼ (0.5 − 2.0)f π and f 8 ∼ (0.5 − 2.0)f π because the form factors there is smaller than the ones given in Ref. [12] . In the Table below we give the rates for the decays involving η and η ′ for θ = −17.0 , f 1 = 1.1f π , f 8 = 1.5f π and N c = 2. Our values for f 1 and f 8 are somewhat similar to values obtained from phenomenological studies [15] . We also show calculations for f 1 = 0.9f π and f 8 = 1.9f π ( which corresponds to a rather large SU(3) F breaking). We show the results of using the form factors in Ref [12] and Ref [13] in the second and third column of the Table. The branching ratio for B → ηK is suppressed by a factor of 10 or more relative to B → η ′ K while B → ηK * is enhanced relative to B → η ′ K * by a small amount. This is in qualatative agreement with Ref [16] but we find a
1 For the BSW model the form factor F 0 (0) for B → η and B → η ′ are approximately same and so we assume this approximate equality for the form factors in Ref [12] where only the B → η form factor is calculated.
Process
Branching Ratio [12] 1.76 × 10 --0.9, 1.9
smaller enhancement of about 1.14 for B → ηK * relative to B → η ′ K * ( excluding phase space effects). From the branching ratios in the Table, it is not possible to rule out the four quark operator explanation for the large branching ratio in
For the quasi-inclusive decay we will use the same parameters as used in the exclusive decays and we will add the contribution from the anomalous η ′ gg coupling to the four quark operator effective Hamiltonian. We plot the decay distribution dΓ/dM rec in Fig.1 showing the contributions from the effective Hamiltonian of four quark operators and the QCD anomaly. As is clear from Fig. 1 the dominant contribution to the quasi-inclusive rate comes from the QCD anomaly. Adding the contribution of the four quark operator a value of H av ∼ 1.2GeV −1 can explain the data. The contribution from the four quark operators is around 1.2 × 10 −4 for E η ′ > 2.2 which is the signal region. This is far too small to account for the signal observed at high X s mass.
Conclusion
Summarizing, we have calculated the the effects of the effective Hamiltonian of four quark operators to the exclusive and quasi-inclusive decays of the B meson to η ′ . Our analysis indicate that the exclusive data can be explained by the four quark operators suggesting that the mechanism b → sg * , g * → η ′ gg does not contribute significantly to the exclusive two body decays involving the η ′ but dominates the quasi-inclusive process B → η ′ X s at higher X s mass. Both the four-quark operator and the gluon anomaly are required to account for the data.
Acknowledgments
This work was supported by the United States Department of Energy under contracts DE-FG 02-92ER40730 and DE-FG 03-94ER40833 and by the Australian Research Council. We thank T.E. Browder for useful discussions.
Figure Caption
• Fig. 1 This figure shows the decay distribution as a function of the recoil mass M rec .
The dashed line corresponds to the contribution of the four quark operators, the dotted line to the QCD anomaly while the solid line gives the sum of the two contributions.
For the contribution from the four quark operators we have used the same parameters that were used for the exclusive decays. 
